The interpretation of the variables, scaled by the number of projectile cluster atoms n, in the universal relation of the sputtering yield Y versus incident energy E, that is, Y/n vs E/n, is not necessarily obvious. Following on previous works, the objective of this study is to elucidate the physical basis of the energy per atom variable E/n. The authors employ molecular dynamics simulations of Ar n cluster bombardment of Ag(111) metal samples for this study. The authors find that the energy per cluster atom quantity E/n is responsible for the fraction of the initial energy that is deposited in the solid, rather than energy per cluster mass E/m. The results show that even though there is an average loss of the energy for a cluster, each cluster atom loses a different fraction of its initial energy, thus yielding a distribution of energy loss by individual atoms. The analysis of these distributions indicates that the energy deposition process is more effective for clusters with higher E/n when compared to the clusters with lower E/n. This conclusion is supported by a visual analysis of the cluster bombardment event. The cluster atoms that lose most of their initial energy are those which split off from the cluster and penetrate into the bulk of the solid. Conversely, the atoms of the clusters with low E/n keep together during the interaction with the solid, and eventually reflect into the vacuum taking away a portion of the initial kinetic energy. In addition, the simulations indicate that the clusters of different sizes have the same distribution of energy loss for individual atoms if they have the same E/n, in other words, if the initial energy E is proportional to the cluster size n.
I. INTRODUCTION
Experimental applications of energetic cluster beams include surface fabrication, surface modification, and the analytical technique of secondary-ion mass spectrometry (SIMS).
1,2 Gas cluster projectiles, which appear to cause minimal damage to the organic substrate, have turned out to be useful in depth profiling and three-dimensional imaging of organic materials, with high depth resolution and chemical specificity. 3, 4 Theoretical studies were undertaken, including computer modeling by molecular dynamics (MD) simulations, in order to understand the basic processes and to help optimize experimental conditions. 5 During these studies, an interesting observation was made that the scatter in data points in the dependence of the sputtering yield Y against the incident kinetic cluster energy E for different clusters sizes can be reduced to nearly a curve, if the variables Y and E are presented in quantities scaled by the number of cluster atoms n, that is, Y/n vs E/n. 6 This observation was then confirmed by numerous studies, both experimental 7, 8 and computational, [9] [10] [11] for various solids (Ag, Si, SiO 2 , Irganox, and polystyrene) and the cluster beams (C 60 , Ar n ).
The results for atomic and molecular solids, however, separate into two distinct regions on a Y/n vs E/n plot. 8 The observed feature suggests that a universal description of the cluster sputtering process might be possible if appropriate scaling of the variables is used, although the physical basis of this phenomenon was not clear.
In our previous works, we investigated the concept of universality in sputtering yields based on results of MD simulations. The model samples of Ag(111) and molecular solids (benzene, octane, and b-carotene) were sputtered by Ar n clusters. [12] [13] [14] We demonstrated that a better representation to improve the convergence between the data points for atomic and molecular solids is Y/(E/U 0 ) vs (E/U 0 )/n, where U 0 is the binding energy of the solid. U 0 is defined per atom and per molecule for atomic and molecular solids, respectively. Consequently, the yield Y is given in atoms and molecules for atomic and molecular solids, respectively. As explained previously in greater detail, to arrive at this form of the scaled representation, we replaced n by E in the Y/n variable, and, following others, 6, 15, 16 scaled E by U 0 . The first change was justified by the fact that for a given E/n value, the cluster size n relates proportionately to the cluster energy E.
This change is the basis of the physical interpretation of the variable Y/n as explained below. The second change was needed in order to take into account the fact that the binding energies U 0 , for atomic and molecular solids, can differ several times; thus, their effect on the sputtering efficiency cannot be neglected. 14, 17 The results of MD simulations showed that there are obvious similarities in the sputtering mechanisms between the atomic and molecular solids for almost 3 orders of magnitude variation of (E/U 0 )/n, therefore supporting the statement of universality. 14 The conclusion from the analysis of the universal relation with regard to the physical meaning of the ordinate variable Y/n is that, for a given E/n value, the dependence of the sputtering yield Y on the cluster size n is equivalent to the dependence of Y on the incident cluster energy E. This interpretation makes more physical sense because the cluster energy E is the primary factor inducing ejection rather than the cluster size n.
The aim of this paper is to address the question of the physical meaning of the abscissa variable in the universal relation. The abscissa variable has generally been interpreted as the incident energy per cluster atom E/n. 6, 12, 13, 17 It has also been interpreted as a quantity proportional to the squared velocity of the cluster, and as such presented as the energy per cluster mass E/m if results for different cluster types were compared on the same plot. [9] [10] [11] It is not intuitively obvious which variation, E/n or E/m, is correct, although the "velocity" interpretation fits with the bead model that considers the whole cluster as a single particle losing energy due to friction. 18, 19 For this study, we analyzed MD simulations of a model system, in which Ag(111) samples were bombarded by Ar n clusters. Ar n clusters are currently popular beam sources for organic SIMS, whereas Ag(111) is a convenient metal substrate for MD modeling of SIMS experiments. As explained above, scaling of E by U 0 is needed in the universal description if results for sputtering of different solids are being compared. Since in this study we use only one sample, we omit the scaling by U 0 for simplicity. The binding energy of the Ag sample calculated from the interaction potential used in the simulations is 2.95 eV per atom.
II. COMPUTATIONAL
The setup of the MD simulations was described in greater detail previously. 12, 20, 21 Rectangular boxes of Ag(111) samples, measuring approximately from 26 Â 26 Â 13 to 31 Â 31 Â 23 nm and containing approximately from 600 000 to 1 400 000 Ag atoms, were used depending on the projectile cluster size and impact energy. The interactions between the cluster atoms, Ar-Ar, and between the cluster atoms and the substrate atoms, Ar-Ag, were described by the Lennard-Jones potential splined with the KrC potential to account properly for high-energy collisions. 22 The MD/ Monte Carlo corrected effective medium potential was used for the interactions in the metal substrate, Ag-Ag. 23 In order to ease identification of the most characteristic features of the bombardment event, a simple geometry was used, that is, a flat (111) crystal face was irradiated at normal incidence.
To improve the statistical relevance of the findings, the analysis was based on MD trajectories that have sputtering yields close to the average values for given beam conditions. 20 The calculations were performed at 0 K.
III. RESULTS AND DISCUSSION
A. Effect of changing the cluster energy E at given cluster size n First, we examine the dynamics of the energy deposition process for clusters of the same size n and various initial kinetic energies E, that is, for variable kinetic energy per cluster atom E/n. Figure 1 (a) compares energy loss in time for Ar 366 impinging an Ag(111) substrate at three different values of E/ n. The ordinate is the fraction of the energy that the cluster retains. It appears that the Ar 366 cluster deposits a different fraction of initial kinetic energy depending on the value of E/ n. Low E/n clusters retain more energy, thus giving less energy to the substrate than high E/n clusters. We identified two characteristic points in time of the energy deposition event. Previous studies showed that the initial energy loss of the cluster follows that of friction on a single particle or bead until the cluster deposits approximately 60% of the energy that is finally deposited. 18, 19 The point when 60% of the final deposited energy has been deposited is marked on each of the energy loss curves in Fig. 1 with a circle marker. This point will be referred to as the bead configuration. The second point is chosen to represent the configuration when most of the cluster deceleration in the solid has occurred. We assume that it corresponds to the moment when 90% of the final deposited energy has been deposited. As demonstrated previously, 16, 24 this amount of deposited energy is responsible for ejection of a considerable portion of material. This point is marked in each of the energy loss curves in Fig. 1 with a square marker and will be referred to as the stopping configuration. Of note is that the final retained energy, that is, the energy that is not deposited in the solid, goes into the kinetic energy of the reflected cluster atoms. Figure 2 shows snapshots from simulations of Ar 366 cluster impinging an Ag(111) substrate taken at the times marked on the curves in Fig. 1(a). Figures 2(a)-2(c) show snapshots of the bead configuration for Ar 366 with the three different values of E/n. It appears that the atoms of the cluster are more or less together albeit the cluster is deformed. At the highest E/n, Ar atoms have started to split off from the cluster and penetrated into the solid. At the lowest E/n, the cluster has for the most part only flattened. The penetration depth of the bulk of the cluster in the solid is in all three cases similar, approximately 1 nm. We conclude that up to this moment of the energy deposition process, the physics of energy loss follows that of friction on a single particle and the clusters behave like a single bead experiencing frictional forces. 18, 19 Figures 2(d)-2(f) show snapshots of the stopping configuration for Ar 366 with the three different values of E/n. At the highest E/n, the cluster has broken up. Due to high energy per cluster atom, individual cluster atoms penetrate into the bulk of the solid.
14 The penetration depth exceeds 2 nm. At the lowest E/n, the picture does not change much.
The cluster atoms keep together within the basin of deformed surface 14 and the penetration depth remains approximately 1 nm. The energy per cluster atom is not sufficient for the cluster atoms to penetrate into the solid. At the middle E/n, there is an intermediate configuration, with the penetration depth exceeding 1 nm. It is clear from the snapshots in Fig. 2 that the energy is deposited before virtually any ejection of the substrate atoms has occurred. 16, 25 At this point, the disruption of the substrate is confined to the area directly affected by the cluster. Of note is that, although the penetration depth during the energy deposition process depends on E/n, eventually almost all the cluster atoms (99%) depart from the solid. The cluster atoms are either reflected from the surface in the initial phase of the bombardment event or are ejected together with the substrate atoms in subsequent stages. Figure 1(b) shows the distribution of the number of cluster atoms that have a given fraction of their initial kinetic energy at the stopping configuration, for the three cases discussed above. First, even though there is an average energy loss per atom, as shown in Fig. 1(a) , not every atom loses the same amount of its initial energy. The distribution for the highest E/n value (red) peaks at the lowest values of abscissa and the tail of the distribution is shorter compared to the other distributions. It indicates that most of the atoms lose a considerable fraction of their initial energy. The transfer of energy to the solid is the most efficient. Conversely, for the lower E/n values (green and blue), the centers of the distributions are shifted toward higher values of abscissa. In these cases, the cluster atoms retain more of the initial energy, and, eventually, more energy is reflected from the surface into the vacuum. The distributions correlate with the snapshots shown in Figs. 2(d)-2(f) . The Ar atoms that have split off from the cluster are losing the most energy. Those that do not break off cannot lose as much of their initial energy.
The trend observed in Fig. 1(a) can now be explained as follows. The cluster with the highest E/n deposits the highest fraction of its initial energy because the energy deposition process is the most efficient. It is a result of the cluster atoms having sufficiently high energy for some of the atoms to penetrate into the solid. For the clusters with lower E/n, the transfer of the energy occurs only at the deformed surface of the sample. As the result, the cluster atoms retain more energy, which is then reflected from the surface.
B. Effect of changing the cluster size n at given E/n
The energy loss of the cluster as a function of time is shown in Fig. 1(c) for three Ar clusters of size 60, 366, and 872 atoms, all at E/n ¼ 140 eV/atom. It is apparent that the clusters eventually lose the same fraction of their initial energy, independent of the cluster size. The corresponding distributions of the energies of the cluster atoms at the stopping configuration are shown in Fig. 1(d) . The distributions are similar for the three cluster sizes. It appears that regardless of the cluster size, the distributions of the final energies of the cluster atoms are essentially the same (have the same average values) if clusters of different sizes have the same E/n, that is, the initial kinetic energy E is proportional to the cluster size n. Such clusters deposit in the solid equal fractions of their initial energies, as shown in Fig. 1(c) .
C. Effect of changing the cluster mass m at given E/m
The comparison made so far has been for clusters of one atom type. The challenges arise when one is comparing the sputtering yields that result from the bombardment of different cluster types, such as C n , Ar n , and Bi n . We will not belabor this issue as it is fraught with difficulties, but we will comment on the use of E/n vs E/m because it can be easily tested. It has been proposed that the initial velocity of the cluster be the critical quantity for the description of the energetic cluster interaction with a solid. 26 This suggestion justified the use of E/m since this quantity is proportional to the velocity squared for different cluster types. For the test cluster, we used Ar 366 with artificial masses of 20, 80, 107, and 150 amu. The results for the latter two are not shown here as they overlap those for 80 amu. The energy loss of the cluster as a function of time is shown in Fig. 1(e) . The clusters composed of heavier atoms lose on average more energy than the lighter clusters. Since the cluster with 80 amu atoms deposits nearly all of its initial energy, so do the clusters with 107 and 150 amu atoms. The light Ne-like atoms (20 amu) mostly reflect from the surface into vacuum taking away large fraction of their initial energy, as shown in Fig. 1(f) , where the distribution for 20 amu (blue) has the center shifted toward higher values of abscissa when compared to the other two. Conversely, the heavier atoms penetrate more deeply and lose more of their initial energy to the substrate as apparent in Fig. 1(f) , where the distribution for 80 amu (red) peaks at lower values of the abscissa. This observation indicates that different cluster types, which have the same size and initial velocity, that is, the value of E/m, lose different fraction of their initial kinetic energy. Therefore, comparing different cluster types on E/m basis is not appropriate.
IV. SUMMARY AND CONCLUSIONS
Based on the results of MD simulations of Ar n cluster bombardment of Ag(111) metal substrate, we found that the fraction of the initial energy deposited by a cluster in the solid depends on the quantity E/n. The clusters with higher energy per atom E/n lose a larger fraction of the initial energy when compared to the cluster with lower E/n. Even though there is an average loss of the energy for a cluster, each cluster atom loses a different fraction of its initial energy. The analysis of the distributions of the final energies of the cluster atoms indicates that the energy deposition process is the most effective for atoms with higher energy per atom. This observation is supported by a visual evaluation of the cluster bombardment event. The cluster atoms that lose most of the initial energy are those which split off from the cluster and penetrate into the bulk of the solid. Conversely, the atoms of the clusters with low E/n keep together during the interaction with the solid, and eventually reflect into the vacuum taking away a portion of their initial energy. The results show that the clusters of different sizes lose the same fraction of the initial energy if they have the same E/n, in other words, if the initial energy E is proportional to the cluster size n. Regardless of the cluster size, the distributions of the final cluster atom energies are similar. The results also show that different type clusters deposit a different fraction of the initial energy event though they have the same value of E/m, a quantity which is related to cluster velocity squared for clusters of different types. Therefore, comparing the sputtering yields that result from the bombardment of different cluster types on the E/m basis is not appropriate.
